ABSTRACT PEARCE, L. E. (University of Otago, Dunedin, New Zealand), AND J. S. LOUTIT. Biochemical and genetic grouping of isoleucine-valine mutants of Pseudomonas aeruginosa. J. Bacteriol. 89:58-63. 1965.-Isoleucine-and valine-requiring mutants of Pseudomonas aeruginosa, induced with ultraviolet and ethyl-methane-sulfonate, were isolated. The feeding properties and growth requirements of 56 of these mutants were examined, and evidence was found for at least four phenotypic groups, A, B, C, and D, controlling the biosynthesis of isoleucine and valine. Preliminary genetic mapping by use of bacteriophage-mediated transduction showed linkage between the mutant loci within groups A, B, and C. There was also evidence of linkage between the genes controlling groups A and B and some slight evidence of linkage between the other groups. There was insufficient evidence to suggest the arrangement of the genes.
The biosynthesis of isoleucine and valine has been investigated in a variety of organisms, including Salmonella typhimurium (Armstrong and Wagner, 1962) , Escherichia coli (Leavitt and Umbarger, 1962;  Radhakrishnan, Wagner, and Snell, 1960) , Neurospora crassa (Wagner and Bergquist, 1963) , and Saccharomyces cerevisiae (Kakar and Wagner, 1964) . For all these organisms, a common pathway was established; this is shown in Fig. 1 . Abbreviations used in this figure and in the text are those adopted by Glanville and Demerec (1960) : AHB = a-acetoa-hydroxybutyric acid; AL = a-acetolactic acid; DHI = a,f-dihydroxy-fl-methylvaleric acid; DHV = a,3-dihydroxyisovaleric acid; HKI = a-keto-3-hydroxy-3-methylvaleric acid; HKV = a-keto-3-hydroxyisovaleric acid; KI = a-keto-3-methylvaleric acid; KV = a-ketoisovaleric acid. Glanville and Demerec (1960) found that the isoleucine-valine mutants of S. typhimurium could be divided into four groups on the basis of growth requirements and complementation tests. Two-point linkage experiments showed that the four isoleucine-valine loci controlling the enzymes were closely linked and arranged in the same sequence as the four steps of the pathway. Wagner and Bergquist (1960) could not demonstrate the formation of the free intermediates HKI and HKV (a-keto-f3-hydroxy acids). This also seems to be the case with E. coli and N. crassa (Radhakrishnan et al., 1960; Armstrong and Wagner, 1961 ). There appears to be only one enzyme concerned in the reductoisomerase step.
In the present work, isoleucine-valine mutants of Pseudomonas aergnosa were investigated to determine whether the pathway is the same as in other genera, and also to determine whether the pathway is controlled by a closely linked sequence of genes as demonstrated in S. typhimurium. The mutants were isolated in experiments designed to produce auxotrophic markers for genetic studies. They were the most frequent class of mutant isolated.
The mutants were grouped in three different ways: (i) on the basis of their growth requirements; (ii) on cross feeding; and (iii) by transduction with the techniques of Demerec and Hartman (1956) , who analyzed 10 tryptophan mutants of S. typhimurium. The demonstration of transduction by Loutit (1958) and Holloway and Monk (1959) made possible the application to Pseudomonas of fine-structure mapping techniques. Holloway et al. (1962) and Holloway, Hodgins, and Fargie (1963) demonstrated joint transduction of different auxotrophic markers, but no evidence was found for joint transduction of loci controlling any one pathway. In fact, Holloway et al. (1963) stated that the control of biosynthetic pathways in Pseudomonas appeared to be different from that demonstrated in the Enterobacteriaceae, where the loci controlling enzymes in the isoleucine-valine pathway have been shown to be linked closely.
MATERIALS AND METHODS
Organisms. Strain 78 of P. aeruginosa (Loutit, 1960) were used in all experiments. Stock cultures were maintained at 4 C on nutrient agar (Difco) slopes, and subcultured every 2 months. All mutant substrains were freeze-dried after isolation.
Media. The minimal medium described by Davis and Mingioli (1950) for E. coli gave satisfactory growth of the wild-type 78, and was supplemented with 0.005% nutrient broth (enriched minimal medium), when required for cross-feeding and transductions. Brain Heart Infusion (Difco; 20 g per liter) with or without 1.3% Davis agar was the complete medium. Soft agar for the preparation of bacteriophage consisted of 2% Brain Heart Infusion solidified with 0.45% agar. All incubation was at 37 C for the times indicated.
Induction of mutations by ultraviolet light. A 10-ml amount of an exponential broth culture of strain 78, containing approximately 5 X 108 cells per milliliter, was irradiated in a 9-cm petri dish, for 55 sec, 9 in. from the ifiament of a 12.5-w Westinghouse Sterilamp Wagner and Bergquist (1960) . Seeded minimal agar plates with 50 ,g of supplement in wells 2 cm apart were incubated for 24 and 48 hr and examined for growth of subsurface colonies. Auxotrophs responding to DL-isoleucine and DL-valine (BDH Laboratory Chemicals, Poole, England) were further tested for growth with biosynthetic intermediates. Only one of these, a-keto isovaleric acid (KV), was available commercially, and was obtained from the Calbiochem. The remaining intermediates used (DHI, AL, and AHB) were kindly provided by R. P. Wagner, University of Texas.
Cross-feeding. In contrast to E. coli (Davis, 1950) , where cross-feeding between mutant strains is clearly shown after 24 to 48 hr at 37 C, feeding between isoleucine-valine mutants of Pseudomonas could only be demonstrated after 5 days at 37 C. Further, the typical progress of growth stimulation, starting from the edge of the streak nearest the feeding mutant, was never observed. It seemed likely that in Pseudomonas the intermediates were only slowly excreted (but diffused rapidly), or that autolysis of the cells was necessary for release.
The following method was adopted. Single colonies of two mutants were emulsified in saline, and streaked parallel (as close as possible without touching) on enriched minimal agar. Control streaks of the mutants were made on separate plates. Plates were incubated for 5 days before the test and control streaks were compared.
Transductions. The bacteriophage used was obtained from strain B, the phage responsible for genetic transfer in the experiments of Loutit (1958 Loutit ( , 1959 Loutit ( , 1960 . The methods of Adams (1950) for preparing and purifying the phage were fol-VOL. 89, 1965 lowed. Titers of phage prepared on the 78 were usually about 101" plaque-forri (PFU) per ml when assayed on 78. ThI would transduce mutants of 78 but (Loutit, 1960) . When phage was prop mutants of 78, however, titers were aly than those obtained with wild-type 7 ranging from 5 X 109 to 8 X 101" PF To obtain a sufficient level of phage fo mutant crosses, the preparations wer trated to 3 X 1011 PFU per ml, by use c model L ultracentrifuge to sediment (35,000 X g for 60 min).
Preliminary experiments led to the a the following method for two-point m phage suspension containing 2.7 X 101 ml, and an overnight broth culture of th strain, were prepared. Wild-type cells an consistently gave titers of 2 X 109 cel The cell suspension was equilibrated at water bath, and an equal volume of th 37 C added. The mixture was incuba min to allow adsorption of the phage to I and 0.1-ml samples were mixed with 3 r mal soft agar and poured onto thre 7, 8, 11, 13, 17, 19,24,27,28, 34,37,41,42, 46,49,51,57, 60,61,62,63 2 1, 3, 6, 15, 16, 21,23,25,26, 31,32,33,35, 36,39,40,44, 50. 52,54,55, 59 , 64, 65 * Group X mutants were fed by Y (il Z (ilva-1, -6). Group Y mutants were (uiva-i, -6) and fed X (ilva-9). Group fed X (ilva-9) and Y (ilva-13). Significant differences among the groups were found in the two experiments. Cross-feeding groups X and Y are incorporated in growth group 1, and group Z includes groups 2 and 3. Unsuccessful attempts were made to show feeding relationships within group Z, as this group was heterogeneous in its growth requirements. 38, 48, 56 Apparently there are at least four functional groups controlling isoleucine-valine synthesis in P. aeruginosa. These have been called functional groups A, B, C, and D. Cross-feeding groups X and Y, which precede the dihydroxy acids, become functional groups A and B, respectively.
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Feeding group Z can be subdivided into the other two functional groups, C and D.
Iva-13) and The relationship of these groups to the biofed by Z synthetic pathway is shown in Fig. 2 .
Z mutants
Transductions. In a preliminary experiment, one strain was selected from each of the funcy (AHB + tional groups, and bacteriophage lysates were by (KYr + prepared from each strain. These phage prepara-,r (AHB + tions were used to transduce a number of strains y (v + I), selected from each functional groul. The phage HB + AL). preparations were not concentrated by centrifu-VOL. 89, 1965 ISOLEUCINE-VALINE MUTANTS OF P. AERUGINOSA gation, and the numbers of transduced colonies were not high. There was a general indication, however, that mutants selected on a functional basis also grouped together by transduction analysis and that the groups themselves showed some evidence of linkage ( Table 2) .
The results were sufficiently suggestive of linkage to warrant a larger experiment in which a greater number of strains was used. The lysates were concentrated by ultracentrifugation, and reciprocal crosses were carried out ( Table 3) .
The results show that the mutations tested within the functional group A are linked, as are the mutations within groups B and C. Unfortunately, only one mutant from group D was included because of difficulties in obtaining sufficient bacteriophage for the transductions. There is also good evidence that the mutations in * These figures are the averages of three plates corrected for differences in the ease with which different bacterial strains are transduced by the same phage and for differences in the efficiency of transduction by different phages. Where figures appear to be significantly lower than the equivalent wild-type transduction, they are in italics so that possible linkage relationships can be seen more readily. The values for all wild-type donors were 200. ciprocal crosses is poor. Similarly, there is evidence of linkage between mutations in functional groups C and D, but again the agreement between reciprocal crosses is poor. The results in Table 2 , however, do support the idea of linkage between C and D, particularly when ilva-48 (D) was used as donor for the three mutants of functional group C.
Mutant ilva-2, which did not fit any of the functional groups, clearly showed no linkage at all to any of the other mutations tested. 
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DISCUSSION
The results of this investigation are of interest for two reasons. Firstly, the functional groups concerned with the synthesis of isoleucine and valine in P. aeruginosa are somewhat different from the groups listed for S. typhimurium. In the latter organism, Wagner and Bergquist (1960) found two groups in the conversion from AL and AHB to DHV and DHI, respectively. Within the group they could not demonstrate any difference by cross-feeding, but one mutant was different in that it responded to valine alone and did not require the addition of isoleucine.
In the present work, we also isolated one mutant within nutritional group 1 which responded to valine only. In addition, we were able to divide the mutants within nutritional group 1 on the basis of cross-feeding experiments. In this respect, the study of Kakar and Wagner (1964) on isoleucine-valine mutants of yeast is of interest, as they described two complementary groups of mutants involved in the reductoisomerase step. There is little more that we can say about the single mutant responding to valine, but the separation on the basis of cross-feeding is important. It suggests the possibility that the a-keto-13-hydroxy acids (HKV and HKI) are actually formed as free intermediates in P. aeruginosa in contrast to their hypothetical role in E. coli, N. crassa (Radhakrishnan et al., 1960) , and Salmonella. This point has not been proven by isolation and identification of the intermediates, but the results certainly indicate that there must be a buildup of a diffusible intermediate which apparently does not occur in the other organisms. An alternative explanation is that the mutants in group A are blocked at the condensing enzyme (Fig. 1) , as failure to use AL and AHB could reflect the inability of these compounds to enter the cells. Radhakrishnan et al. (1960) and Wagner (1961, 1962) investigated an enzyme which catalyzed dihydroxy acid formation in Salmonella with HKV and HKI as substrates. This enzyme is considered to represent an altered form of the reductoisomerase which is directly involved in the biosynthesis of the amino acids and is thus believed to be an artifact.
Secondly, there is interest in the demonstration of linkage between the different mutations. This is the first evidence of linkage between mutations occurring in the same biosynthetic pathway in P. aeruginosa. In fact, previous investigations (Holloway et al., 1963) have suggested that P. aeruginosa is different from other bacteria in this respect.
There are a number of biosynthetic pathways in bacteria in which it has been shown that genes controlling the adjacent enzymes in the synthesis are linked. On previous evidence, Pseudomonas appeared to be different from these other bacteria but the present work, which is a rather more detailed investigation of one pathway, suggests that linkage does occur between genes involved in one biosynthetic pathway. Linkage has been inferred where a reduction in the rate of formation of wild-type recombinants was demonstrated in transduction between two ilva mutants, as compared with the controls. Other factors may influence the rate of recombinant formation, as can be seen from the fluctuations in wild-type transduction in Table 3 . Conclusive evidence of linkage requires the demonstration of cotransduction of two markers. Close linkage between two Pseudomonas groups A and B with little evidence of linkage between groups B and C has been described, and in this respect Pseudomonas is comparable to yeast (Kakar and Wagner, 1964) , rather than to Salmonella (Glanville and Demerec, 1960) .
Unfortunately, we cannot say how closely these genes are linked, nor can we establish any order of genes. For more adequate fine-structure mapping, we would require a three-point mapping technique which in turn requires a closely linked marker which can be used for cotransduction experiments. We have not yet found a satisfactory marker but are continuing to search for one in the hope of establishing the order of genes more closely.
